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Subtropical thicket dominated by the leaf- and stem-succulent tree Potulacaria afra (spekboom) accumulates extraordinarily high amounts of
soil organic carbon for a semi-arid ecosystem. This has been attributed to high leaf litter production of canopy trees — especially spekboom —
and the relatively cool beneath-canopy temperatures, which reduces mineralization of organic matter. High rainfall interception by the dense
thicket canopy may also contribute to reduced mineralization of soil organic carbon stocks via a reduced Birch effect (wet–dry cycles) and overall
reduced moisture of organic matter. Here we provide preliminary data on one easily measurable component of canopy interception, namely
throughfall, which is the amount of rain falling on the canopy that is not intercepted by the canopy or diverted as stemflow. For 23 rainfall events
N1 mm in the period Jan–Jun 2006, we measured 275±21 mm gross rainfall at three spekboom thicket sites. Mean throughfall was 56.4% across
all events and ≤20% for small (≤5 mm) events. These values are the lowest recorded in the literature. Throughfall in tropical and temperate
forests ranges from 70 to 90%, Mediterranean woodland trees 70–80%, and Savanna trees 75–84%. The low rates of throughfall recorded in this
study support the hypothesis that the extreme accumulation of soil organic carbon in thicket soils is partly due to interception of rainfall and
concomitant constraints on soil microbial activity. The extraordinary high interception of rainfall by the spekboom thicket canopy warrants further
research at the ecosystem level.
© 2010 SAAB. Published by Elsevier B.V. All rights reserved.Keywords: Birch effect; Carbon credits; Rainfall interception; Restoration; Semi-arid ecosystem; Soil organic matter1. Introduction
South African subtropical thicket, which is centered on
coastal forelands of the Eastern Cape Province, is part of a
global biome of semi-arid, rainforest-like vegetation whose
origin dates to the mid Cenozoic (Cowling and Vlok, 2005).
Thicket canopy dominants (2–5 m) include evergreen shrubs
and trees (Euclea undulata, Gymnosporia spp., Pappea
capensis, Searsia spp., Schotia afra) and succulents (Portula-
caria afra, Euphorbia spp., Aloe spp., Crassula spp.). Our focus
here is on the drier forms of thicket (Arid and Valley forms)
(Vlok et al., 2003) dominated by the tree-like leaf- and stem-
succulent, Portulacaria afra (spekboom), hereafter termed
spekboom thicket. Spekboom thicket is particularly vulnerable⁎ Corresponding author. Tel.: +27 42 2980259.
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doi:10.1016/j.sajb.2010.06.004to overgrazing by livestock (Acocks, 1953; Lechmere-Oertel et
al., 2005a,b; Stuart-Hill, 1992). Of the 16,942 km2 of solid
(unbroken canopy) spekboom thicket, 46% has been heavily
degraded and 36%moderately degraded by domestic herbivores
(Lloyd et al., 2002). Sustained, heavy goat browsing can
transform the dense closed-canopy shrubland into an open
community comprising scattered and degraded thicket clumps
and isolated trees in a matrix of ephemeral herbs (Hoffman and
Cowling, 1990; Kerley et al., 1995; Lechmere-Oertel et al.,
2005a,b; Moolman and Cowling, 1994; Stuart-Hill, 1992).
Portulacaria afra is the first canopy dominant to succumb to
browsing and is completely eliminated in severe cases of
degradation.
Given the low precipitation (250–450 mm/yr) of the
spekboom thicket environment, extraordinarily large amounts
of soil organic carbon accumulates. Mean soil carbon (0–
10 cm) ranges from 22 to 71 tC/ha (Mills and Cowling, 2010;ts reserved.
Fig. 1. Cumulative gross rainfall and throughfall — measured beneath
Portulacaria afra canopy in spekboom thicket — in 23 rainfall events
≥1 mm during the monitoring period in 2006.
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soil carbon can be attributed in part to high leaf litter production
in spekboom thicket (4126 kg dry matter/ha/yr), approaching
that of temperate forests, with P. afra contributing the largest
component (Lechmere-Oertel et al., 2008). Furthermore,
relatively cool conditions under the dense thicket canopy may
reduce decomposition of the litter layer and, therefore, also
contribute to soil organic carbon accumulation (Mills, 2003).
Indeed, Lechmere-Oertel et al. (2008) showed that over a full
calendar year, mean daily maximum soil temperature was 12 °C
lower beneath the spekboom thicket canopy than in open grassy
areas of adjacent degraded sites (mean maximum temperature of
23.2 vs 35.1 °C).
High levels of rainfall interception by the dense spekboom
thicket canopy could also be one of the causal factors behind the
exceptionally large amounts of soil organic carbon that
accumulates (Mills, 2003). The likely links between high levels
of rainfall interception and soil organic carbon accumulation are
twofold. The first link is that during light rainfall events,
interception often prevents even a slight wetting of the soil
surface. Such complete interception will reduce the Birch effect,
namely the stimulation of soil organic matter mineralisation due
to repeated cycles of wetting and drying (Birch, 1958; Fischer,
2009; Jarvis et al., 2007). The causal mechanisms behind this
stimulation are still being scrutinised and have not been
conclusively identified (Fischer, 2009; Inglima et al., 2008;
Xiang et al., 2008). Likely candidates include: (i) release of
labile carbon as a result of micro-changes in soil physical
structure during the wetting and drying (Xiang et al., 2008); (ii)
release of cellular materials from plant roots as a result of water
stresses incurred during drying (Xiang et al., 2008); and (iii) an
injection of oxygen into the soil environment during wetting
(Mills, 2003). The second link is that microbial activity in soils
tends to be strongly correlated to soil water content (Skopp et
al., 1990). Notwithstanding the fact that high soil water content
can inhibit microbial activity due to oxygen depletion, in
general a reduction of water infiltration into soils tends to
reduce the level of soil microbial activity (Davidson et al., 2002;
Skopp et al., 1990).
Here we provide preliminary data on one easily measurable
component of spekboom thicket canopy interception, namely
throughfall. This is the amount of rain falling on the canopy that
is not intercepted by the canopy or diverted as stemflow (Gash,
1979). We did not measure stemflow as the tangled, densely
branched and evergreen nature of the thicket canopy suggest
that this would be b1% of gross rainfall (David et al., 2006;
Herbst et al., 2008). Following Mills (2003) we hypothesised
that the P. afra canopy would intercept a high proportion of
gross rainfall.
2. Methods
2.1. Location and description of study site
The study site was located at Goedehoop (33°41'S; 23°37'E) in
the Baviaanskloof Nature Reserve in South Africa's Eastern Cape
Province. The vegetation is Gamtoos Bontveld which comprisesclumps of Gamtoos Valley Thicket in a matrix of grasses and low
to dwarf shrubs of diverse affinities (Vlok et al., 2003). Our focus
was on the thicket clumps, which were dominated by the leaf-
succulent shrub Portulacaria afra, and evergreen shrubs Searisa
longispina,Euclea undulata andPappea capensis. The clumps are
about 3 m in height and 4–5 m in diameter. Soils are deep, red,
fertile, clay-loams derived from Cretaceous (Enon) mudstones
(Cowling, 1984). Annual rainfall at the site is about 400 mm and is
largely associated with post-frontal events that bring soft, soaking
rain from the south in the spring (Sep–Nov) and autumn (Mar–
May) months, and mid to late summer (Jan–Feb) thunderstorms
from the incursion ofmoist air from the north. Hence, rainfall totals
and reliability peak in the equinoctial months; summer rain is less
reliable and little rain falls in the winter months (Jun–Aug)
(Desmet and Cowling, 1999). Summers are warm and maxima of
ca 40 °C are frequently recorded inDec–Feb;winters aremildwith
minima of −3 °C.
2.2. Data collection
Three thicket clumps dominated by P. afra — all within
200 m of each other — were identified for rainfall measure-
ments. Gross rainfall was measured by locating simple storage
rain gauges with a funnel diameter of 146 mm at canopy height
adjacent to each clump. Throughfall was measured by placing
identical rain gauges at ground level at the centre of the P. afra
canopy in each clump. Rainfall was measured in all rain gauges
after every rainfall event between 4 Jan and 23 Jun 2006. Only
events ≥1 mm were used for calculating throughfall.
3. Results
3.1. Gross rainfall
There were 23 rainfall events ≥1 mm during the monitoring
period. Most events were small (median=ca. 5.5 mm), although
two large events (N40 mm) were recorded, one in summer
(thunderstorm) and the other in autumn (cut-off low). Gross
rainfall measured in the three gauges over the recording period
ranged from 252 to 295 mm; the mean (S.D.) was 275 (21) mm
(Fig. 1).
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Throughfall measured at each of the gauges and expressed as a
percentage of the corresponding gross rainfall, ranged from 49.4 to
63.5 with a mean of 56.4%. Thus, on average, slightly more than
half the gross rainfall reached the thicket floor (Fig. 1). With one
exception, all of the throughfall values≤20%were associatedwith
small (≤5 mm) gross rainfall events. A comparison of linear
regressions (least squares) of gross rainfall and throughfall for the
three clumps showed no significant differences in slopes
(F=2.652, PN0.079) and intercepts (F=1.916, PN0.156).
Hence, all data from the three gauges were used in a single
model, which yielded a good fit (R2=0.904) (Fig. 2).4. Discussion
4.1. Throughfall patterns
At 49–63% of gross rainfall, throughfall in spekboom thicket
is amongst the lowest recorded in the literature. Values from
Amazonian rainforest sites range from 74 to 91% (Cuartas et al.
2007), temperate broadleaved forests from 70 to 90% (Herbst et
al., 2008; Rowe, 1983; Rutter et al., 1975), and coniferous
forest, including plantations, from 50 to 75% (Gash et al., 1980;
Johnson, 1990; Rutter et al., 1975). Throughfall beneath
individual trees in northern hemisphere Mediterranean–climate
woodland is also higher than under spekboom thicket: 70–77%
for evergreen oaks (Pereira et al., 2009) and 78% for olive trees
(Gómez et al., 2001). Similar values have been recorded for the
fine–leaved (75–80%) and broad leaved (80–84%) trees in
South African savanna (De Villiers and Du, 1982).
Although throughfall tended to be lowest for small rainfall
events, a linear regression between gross rainfall and through-
fall provided the best-fit model, as has been observed in other
studies which, unsurprisingly, also recorded steeper slopes (e.g.
Pereira et al., 2009).
Being based on only one, fixed-point rain gauge per clump,
and only on three clumps measured over half a year, our
throughfall data must be regarded as preliminary. A moreFig. 2. Relationship between gross rainfall and throughfall (n=69) beneath
Portulacaria afra canopy in spekboom thicket, measured Jan–Jun 2006. Dashed
lines are 95% confidence intervals.comprehensive approach would have been to sample all of the
ground surface using metal troughs since this would have
accommodated for variation in canopy density, rainfall shadow
effects on the leeward side of the clump, and variation in rainfall
inclination (David et al., 2006).
4.2. Implications for soil carbon stocks
The low rates of throughfall recorded in this study support
the hypothesis that the extreme accumulation of soil organic
carbon in thicket soils is partly due to interception of rainfall
and concomitant constraints on soil microbial activity. It
should be noted that the thick litter layer also intercepts
throughfall and further reduces the amount of rainwater
reaching the mineral soil. (cf. Thurow et al., 1987). Indeed,
in light rainfall events, it is conceivable that over large areas of
the landscape no rainwater will reach the mineral soil, thereby
halting the Birch effect (Birch, 1958) completely. The wetting
of the litter layer will promote decomposition of the litter, but
unless the water moves into the mineral soil, soil carbon stocks
will be protected from the stimulating effect of water on rates
of mineralization.
It is puzzling that vegetation in a semi-arid climate would
have a canopy structure that results in considerable interception
and, therefore, loss of water to evaporation. Possible con-
sequences of increasing the aridity of the soil through a high rate
of interception for thicket plants are: (i) reduced competition
from less xeric-adapted species; (ii) reduced rates of nutrient-
leaching from the regolith during large rainfall events (see
Milewski and Mills, 2010); and (iii) the accumulation of soil
carbon which increases the water holding capacity of the soil
and thus may buffer the effects of extended dry spells.
If low rates of throughfall are inextricably linked to soil
carbon accumulation in thicket, as we hypothesise, there is one
important implication for restoration of degraded thicket:
namely, soil organic carbon stocks will only recover once the
canopy structure has been restored. It is likely that the
establishment of thicket species is highly dependent on soil
properties, with organic matter-rich soils promoting germina-
tion and growth (Sigwela et al., 2009). Consequently, fast-
tracking restoration of thicket biodiversity is likely to depend on
fast-tracking canopy development. Fortunately this can be
achieved by planting P. afra cuttings in close proximity to one
another, with the carbon accrued potentially being sold on
international carbon markets to fund the restoration costs (Mills
and Cowling, 2006; Mills et al., 2007).
4.3. Future research
The extraordinary high interception of rainfall by the spekboom
thicket canopy warrants further research at the ecosystem level. It
would be interesting to know how much water is evaporated from
the canopy and how much is shed onto inter-clump surfaces. Also
of interest would be variation in interception in relation to species
and thicket type and level of degradation. Clearly, high levels of
interception will have an important bearing on catchment
hydrology, particularly water yield. Given the extensive
239R.M. Cowling, A.J. Mills / South African Journal of Botany 77 (2011) 236–240degradation of thicket, and the need to identify a wide range of
incentives for its restoration (Mills et al., 2007), the role of intact
thicket in regulating sustainedwater delivery from catchments is an
important topic for future research.Acknowledgements
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